INTRODUCTION {#sec1-1}
============

Acute alcohol exposure can cause a large amount of nerve cell apoptosis, but can it cause nerve cell proliferation? Which mechanisms are involved in the regulation of this phenomenon? This paper focuses on nerve cell proliferation in the hippocampal dentate gyrus, because this region belongs to the ancient cortex and it is the storage area for memories and learning. The hippocampus is also a relatively active area of nerve cell proliferation\[[@ref1]\].

Long-term excessive consumption of alcohol can cause damage to multiple organs and systems of the body, including the digestive, cardiovascular, immune, and nervous systems\[[@ref2]\]. Alcohol can cross through the blood-brain barrier and directly cause neurotoxicity to the central nervous system, leading to the apoptosis of nerve cells and a decrease in synapses\[[@ref3]\]. Brain functions can even be altered, with the development of cognitive impairments and neurodegenerative diseases, such as Alzheimer\'s disease and Parkinson\'s diseases\[[@ref4][@ref5][@ref6]\]. Clinical literature and animal experiments have shown that prenatal alcohol exposure *in utero*, especially during the early stages of pregnancy, can cause stillbirth, miscarriage, premature birth, and even fetal alcohol syndrome\[[@ref6][@ref7]\]. Children with fetal alcohol syndrome may have body deformities, abnormalities in organ development, mental retardation, and functional impairments in the central nervous system\[[@ref6]\].

The mechanisms underlying alcohol neurotoxicology are not yet clear. Some scholars believe that alcohol causes its effects by inhibiting NMDA receptors\[[@ref8][@ref9][@ref10]\] and activating GABA receptors\[[@ref11][@ref12][@ref13]\]. Alcohol can also induce cellular apoptosis by influencing the activity of Na^+^-K^+^-ATPase and adenylate cyclase, as well as by modulating the opening of Ca^2+^ channels\[[@ref14]\]. Other scholars believe that the pharmacological and toxicological mechanisms involve ceramide\[[@ref15][@ref16]\]. As an important signal transduction molecule, ceramide participates in a variety of cellular transduction pathways and can modulate cell cycle, cellular differentiation, proliferation, and apoptosis (including autophagy). Ceramide also participates in many cellular physiological functions, such as stress, immune response and inflammation\[[@ref17]\]. Ceramide is an intermediate-type sphingolipid, whose phosphorylation, glycosylation and acylation products participate in different cellular physiological functions\[[@ref18]\]. The main metabolic product of ceramide is to transform into sphingomyelin through sphingomyelin synthase, which plays a central role in the metabolic process of sphingolipids and phospholipids. This enzyme also participates in the modulation of cellular ceramide and diacylglycerol levels\[[@ref19][@ref20][@ref21]\]. In the mammalian genome, sphingomyelin synthase (SMS) has two isozymes, SMS1 and SMS2. The loss of SMS1 or SMS2 genes through RNA interference would decrease the synthesis of sphingomyelin, resulting in the accumulation of ceramide and a subsequent increase in its cellular effects\[[@ref22]\]. In this project, we constructed a prenatal alcohol exposure model using SMS~2~ knockout (SMS~2~^-/-^) mice to investigate the role of ceramide in the process of alcohol-induced nerve cell proliferation.

Our study has the following characteristics: (1) We used SMS~2~^-/-^ mice to establish an alcohol exposure model. (2) Experimental design and subgroup analyzes were random. (3) The analysis aimed to elucidate the relationships among alcohol exposure, ceramide, and neural proliferation.

Increasing evidence has confirmed that alcohol can induce nerve cell apoptosis, but few studies have observed whether alcohol can promote nerve cell proliferation. Our research is the first in China to establish an alcohol exposure model in gene knockout mice. Our aims in this study are: to determine if alcohol can induce nerve cell proliferation, and the mechanisms underlying this process; to investigate whether SMS~2~ gene knockout affects alcohol-induced neural proliferation, and to clarify the role of ceramide and pathways involved in the above process.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

Thirty wild-type female mice and thirty SMS~2~^-/-^ mice (pregnant) were randomly divided into three groups: low-dose alcohol group (intragastric administration of 25% alcohol 2.0 g/kg per day), high-dose alcohol group (intragastric administration of 25% alcohol 4.0 g/kg per day), and control group (intragastric administration of distilled water per day). Fifteen pups were selected at postnatal days 0, 7, 14, 30 (P0, P7, P14, P30). A total of 360 pups were used for experiments. Among them, ten pups in each group were applied for immunohistochemical staining while 5 pups for western blot assay. The present study is an *in vivo* experiment and the pups were processed immediately after selection. There was no loss of animals.

Effect of prenatal alcohol exposure on serum sphingomyelin levels {#sec2-2}
-----------------------------------------------------------------

The SMS~2~^-/-^ mice could not transform ceramide into sphingomyelin due to the deletion of the SMS~2~ gene; therefore, ceramide accumulated in the body, including central nervous system and blood. Since sphingomyelin level was inversely related to the concentration of ceramide, serum sphingomyelin levels could roughly reflect the level of ceramide accumulation in the animals. In our study, the serum sphingomyelin levels were measured in P0 pups, and the comparisons were made between SMS~2~^+/+^ and SMS~2~^-/-^ pups ([Figure 1](#F1){ref-type="fig"}). The serum sphingomyelin level of SMS~2~^-/-^ pups were significantly lower than that of wild-type pups (*P* \< 0.01). Prenatal alcohol exposure could decrease the sphingomyelin levels in both SMS~2~^+/+^ and SMS~2~^-/-^ pups with in a dose dependent manner (*P* \< 0.05). This evidence suggests that alcohol exposure could decrease the activity of SMS2, resulting in the large accumulation of ceramide in cells following the suppression of the ceramide pathway.

![Effect of prenatal alcohol exposure on serum sphingomyelin levels in pups at postnatal day 0.\
The serum sphingomyelin levels in SMS~2~^-/-^ pups were significantly lower than wild-type pups. Serum sphingomyelin level decreased with increasing ethanol dose in the two groups of pups. ^a^*P* \< 0.01, *vs*. wild-type group; ^b^*P* \< 0.01, *vs*. control group (from the the same genome); ^c^*P* \< 0.05, *vs*. M-EtOH group (from the same genome). Sphingomyelin levels are shown as mean ± SD in 15 pups for each group. One-way analysis of variance and Student-Newman-Keuls test were used for statistical analysis.\
M-EtOH: Moderate-dose ethyl alcohol treatment (2.0 g/kg per day); H-EtOH: high-dose ethyl alcohol treatment (4.0 g/kg per day); SMS~2~^-/-^: sphingomyelin synthase 2 knockout.](NRR-8-2178-g002){#F1}

Effect of prenatal alcohol exposure on neural proliferation in the hippocampal dentate gyrus {#sec2-3}
--------------------------------------------------------------------------------------------

Normally, there are stem cell pools in the central nervous system even in adulthood, for example in the subgranular zone of the dentate gyrus, and these neural stem cells have long-term proliferative capabilities\[[@ref23]\]. Understanding the normal development of neural proliferation in the dentate gyrus would be the prerequisite for understanding the effects of alcohol on neural proliferation. First, we observed proliferative cells in the dentate gyrus of wild-type mice at P0, P7, P14, and P30. The general pattern was that neural proliferation decreased with increasing age. At P0, the proliferative cells in wild-type pups were distributed widely throughout the hippocampus and dentate gyrus. At P7, the proliferative cells were mainly located in the dentate gyrus, including the hilus, subgranular zone, granular layer and molecular layer. At P14, the proliferative cells were located in the subgranular zone and granular layer. However, at P30 (adulthood), the proliferative cells were mainly limited to the subgranular zone, suggesting that neural proliferation in the dentate gyrus of wild-type pups gradually decreased with as age increased ([Figure 2](#F2){ref-type="fig"}). This principle of neural proliferation also was demonstrated in SMS~2~^-/-^ mice ([Figure 3](#F3){ref-type="fig"}). Statistical analysis ([Figure 4](#F4){ref-type="fig"}) indicated that neural proliferation in the dentate gyrus gradually decreased with increasing age in wild-type (*F* = 483.84, *P* \< 0.001) or SMS~2~^-/-^ pups (*F* = 873.92, *P* \< 0.001).

![Effect of prenatal alcohol exposure on neural proliferation in the hippocampal dentate gyrus of wild-type pups at postnatal days 7, 14, 30 (laser confocal microscope, × 20).\
The granular cells were immunocytochemically labeled with Prox 1 (green), and proliferative nerve cells were labeled with BrdU (red). Prenatal alcohol exposure can induce neural proliferation in a dose-dependent manner.\
WT: Wild-type group; Cont: control group; Mod: moderate-dose alcohol (2.0 g/kg per day) group; High: high-dose alcohol (4.0 g/kg per day) group. Scale bar: 80 μm.](NRR-8-2178-g003){#F2}

![Neural proliferation in wild-type (WT) *versus* sphingomyelin synthase 2 knockout (SMS~2~^-/-^) pups at postnatal day 14 (laser confocal microscope).\
Alcohol exposure could upregulate neural proliferation in the dentate gyrus of both WT and SMS~2~^-/-^ pups in a dose-dependent manner. For both the control and alcohol groups, neural proliferation in the dentate gyrus of SMS~2~^-/-^ pups was significantly higher than that of the WT pups. The granular cells (green) and proliferative nerve cells (red) were labeled using immunocytochemistry.\
WT: Wild-type group; Cont: control group; Mod: moderate-dose alcohol (2.0 g/kg per day) group; High: high-dose alcohol (4.0 g/kg per day) group. Scale bar: 80 μm.](NRR-8-2178-g004){#F3}

![Effect of prenatal alcohol exposure on neural proliferation in the dentate gyrus from pups of differing ages.\
BrdU positive cells are quantified in ten pups for each group (data were expressed as mean ± SD). One-way analysis of variance followed by Student-Newman-Keuls test and least significant difference test was performed. Neural proliferation in the dentate gyrus gradually decreased with increasing age in both wild-type or SMS~2~^-/-^ pups. Ethanol could increase neural proliferation (in a long-lasting manner) in a dose-dependent manner. Moreover, neural proliferation in the SMS2^-/-^ pups was higher than that of the WT pups. ^a^*P* \< 0.01, *vs*. control group (from the the same genome); ^b^*P* \< 0.05, *vs*. M-EtOH group (from the same genome); ^c^*P* \< 0.05 *vs*. WT group.\
WT: Wild-type; SMS~2~^-/-^: sphingomyelin synthase 2 knockout; M-EtOH: moderate-dose ethanol (2.0 g/kg per day); H-EtOH: high-dose ethanol (4.0 g/kg per day).](NRR-8-2178-g005){#F4}

Prenatal alcohol exposure could significantly increase neural proliferation in the dentate gyrus in both the wild-type ([Figure 2](#F2){ref-type="fig"}) and SMS~2~^-/-^ pups ([Figure 3](#F3){ref-type="fig"}) in a dose-dependent manner (Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). Statistical analysis further confirmed our observation ([Figure 4](#F4){ref-type="fig"}). Neural proliferation in the dentate gyrus of alcohol-treated groups was significantly higher than that of the control group (*P* \< 0.01), with the high-dose alcohol group being significantly more than the low-dose group (*P* \< 0.05).

The same pattern was observed in SMS~2~^-/-^ pups (*P* \< 0.05), suggesting that prenatal alcohol exposure could dose-dependently induce neural proliferation in a long-lasting manner. To understand the roles of ceramide in alcohol-induced neural proliferation, neural proliferation was compared in wild-type and SMS~2~^-/-^ pups with and without alcohol exposure. Our findings showed that neural proliferation in the dentate gyrus of SMS~2~^-/-^ pups was greater than that of the wild-type pups ([Figure 3](#F3){ref-type="fig"}). Statistical analysis ([Figure 4](#F4){ref-type="fig"}) also confirmed that the level of neural proliferation in the dentate gyrus of SMS~2~^-/-^ knockouts was higher than that of the wild-types (*P* \< 0.05), suggesting that the accumulation of ceramide upregulated alcohol-induced neural proliferation.

Effect of prenatal alcohol exposure on newborn neurons in the dentate gyrus of wild-type and SMS~2~ knockouts {#sec2-4}
-------------------------------------------------------------------------------------------------------------

To further demonstrate whether ceramide is involved in ethanol-induced neural proliferation in the dentate gyrus, newborn neurons were labeled in the different treatment groups. Doublecortin is a microtubule-associated protein used to label migrating and differentiating newborn neurons\[[@ref24]\]. In mammals, doublecortin positive neurons were distributed in a similar pattern to that of the proliferative cells in the dentate gyrus\[[@ref24]\]. In this study, the newborn neurons in the dentate gyrus were specifically labeled with doublecortin to further observe whether alcohol-induced ceramide accumulation can influence the formation of newborn neurons. In our experiments, the development and distribution pattern of newborn neurons were similar to those of the proliferative neural cells. Mainly distributed in the subgranular zone of the dentate gyrus, newborn neurons presented with the morphological characters of granular cells ([Figure 5](#F5){ref-type="fig"}). Although the number of newborn neurons in the dentate gyrus decreased with age increase, there was a quantitative difference between SMS~2~ knockouts and wild-types (*P* \< 0.05). At the same age, the SMS~2~ knockout pups displayed more newborn neurons than wild-type pups.

![Effect of prenatal alcohol exposure on newborn neurons in the hippocampal dentate gyrus of pups at postnatal day 30 (laser confocal microscope).\
Doublecortin (DCX, green) positive newborn neurons were labeled using immunocytochemistry. The number of newborn neurons in the dentate gyrus of SMS~2~^-/-^ pups was much higher than that of the wild-type pups, and alcohol could upregulate the formation of newborn neurons.\
WT: Wild-type; SMS~2~^-/-^: sphingomyelin synthase 2 knockout; Cont: control group; High: high-dose alcohol group. Scale bar: 80 μm.](NRR-8-2178-g006){#F5}

Moreover, prenatal alcohol exposure could induce the upregulation of newborn neurons in both the wild-type and SMS~2~ knockout pups, and the newborn neurons in the high-dose alcohol group were densely concentrated with long extensions ([Figure 5](#F5){ref-type="fig"}). The number of newborn neurons in both wild-type and SMS~2~ knockout pups after prenatal alcohol exposure was significantly higher than that of the control groups (*P* \< 0.01). This increase occurred in a dose-dependent manner (*P* \< 0.05; [Figure 6](#F6){ref-type="fig"}), suggesting that prenatal alcohol exposure could induce the formation of newborn neurons and that ceramide played an important role in this process.

![Effect of prenatal alcohol exposure on newborn neurons in the hippocampal dentate gyrus from pups of differing ages.\
The number of newborn neurons in the dentate gyrus of SMS~2~^-/-^ pups was much higher than that of the WT pups. Alcohol could upregulate the formation of newborn neurons. The number of doublecortin positive cells is shown as mean ± SD in ten pups for each group. One-way analysis of variance followed by Student-Newman-Keuls test and least significant difference test was performed. ^a^*P* \< 0.01, *vs*. control group (from the same genome); ^b^*P* \< 0.05, *vs*. M-EtOH group (from the same genome); ^c^*P* \< 0.05, *vs*. WT group.\
WT: Wild-type; SMS2^-/-^: sphingomyelin synthase 2 knockout; M-EtOH: moderate-dose alcohol (2.0 g/kg per day); H-EtOH: high-dose alcohol (4.0 g/kg per day).](NRR-8-2178-g007){#F6}

Role of protein kinase C α in the ceramide 1-phosphate signal pathway {#sec2-5}
---------------------------------------------------------------------

Protein kinase C α is a key protein and an important marker for the evaluation of the activity of the ceramide pathway. Inhibition of protein kinase C α activity could block the ceramide pathway and ceramide-1-phosphate-induced cell mitosis\[[@ref25]\]. In our study, protein kinase C α-positive cells in the hippocampus were visualized with immunocytochemistry. Protein kinase C α was mainly expressed in the cytoplasm of cells in the neocortex, subventricular zone, hippocampus, dentate gyrus, hilus and brain stem, suggesting that protein kinase C α may participate in the majority of signal transduction processes in nerve cells.

As shown in [Figure 7](#F7){ref-type="fig"}, protein kinase C α (green) was expressed in either NeuN (red) positive mature neurons or newborn neurons, which were mainly located in the subgranular layer. To prove the effects of protein kinase C α expression on alcohol-induced neural proliferation, we used western blot assay to semi-quantitatively detect the relative expression level of protein kinase C α in the hippocampus of different groups at P7 ([Figure 8A](#F8){ref-type="fig"}). Compared with wild-type pups, the expression of protein kinase C α in the hippocampal cells of SMS2 knockouts was relatively low. After alcohol exposure, protein kinase C α expression in the two genotypic groups increased. In other words, the level of protein kinase C α expression in the alcohol-treated groups was significantly more than that of the control group. This expression increase occurred in a dose-dependent manner. Semi-quantitative analysis results ([Figure 8B](#F8){ref-type="fig"}) indicated that the relative expression level of protein kinase C α in the hippocampal cells of wild-type pups was 0.32 ± 0.03, but it was decreased to 0.24 ± 0.02 in SMS2 knockouts (*P* \< 0.05). After prenatal alcohol exposure, the relative protein kinase C α expressions in two genotypic groups increased (*P* \< 0.01) in a dose-dependent manner.

![Effect of prenatal alcohol exposure on the expression of protein kinase C (PKC) α in wild-type pups at postnatal day 7.\
Protein kinase C α was expressed in the cytoplasm of nerve cells in the neocortex, subventricular zone, hippocampus (hip), dentate gyrus and the hilus. Inset in the right upper corner shows a high magnification image of the suprapyramidal blade (SB) of the granular layer. Protein kinase C α could be expressed in both neural stem cells of the subgranular layer, and granular cells co-expressing neuronal nuclei NeuN; arrows). The infrapyramidal blade (IB) of the granular layer is labeled as well. Scale bar: 200 μm.](NRR-8-2178-g008){#F7}

![Expression of protein kinase C (PKC) α in the hippocampus of different genotypic pups at postnatal day 7.\
(A) Western blot analysis of the relative expression of PKC α in the hippocampus of pups. (B) Semi-quantitative western blot analysis of PKC α expression in the hippocampus of pups. PKC α expression levels are expressed as mean ± SD in five pups per group. One-way analysis of variance followed by Student-Newman-Keuls test was performed. ^a^*P* \< 0.01, *vs*. control group; ^b^*P* \< 0.05, *vs*. M-EtOH group; ^c^*P* \< 0.05, *vs*. WT group.\
WT: Wild-type; SMS~2~^-/-^: sphingomyelin synthase 2 knockout; WT/C: control group of WT; WT/M: WT moderate-dose alcohol group; WT/H: WT high-dose group; SMS~2~^-/-^/C: control group of SMS~2~^-/-^; SMS~2~^-/-^/M: moderate-dose alcohol group of SMS~2~^-/-^; SMS~2~^-/-^/H: high-dose group of SMS~2~^-/-^; M-EtOH: moderate-dose alcohol treatment (2.0 g/kg per day); H-EtOH: high-dose alcohol (4.0 g/kg per day).](NRR-8-2178-g009){#F8}

DISCUSSION {#sec1-3}
==========

As an effective toxin to the developing nervous system, prenatal alcohol exposure *in utero* can cause wide-ranging neuropathological damage, and even fetal alcohol syndrome, which seriously affects the development of multiple organ systems in the fetus, especially the central nervous system\[[@ref26][@ref27]\]. The influences of alcohol on the central nervous system mainly occur through certain neurotransmitter receptors\[[@ref28]\], such as the glutamate (GluR2/3, NMDAR), γ-aminobutyric acid, neural acetylcholine\[[@ref29]\], and the dopamine receptors\[[@ref30]\]. Alcohol can also activate downstream signal pathways, such as the c-Jun N-terminal kinase pathway\[[@ref31]\] to induce cell apoptosis\[[@ref32]\].

Recently, Saito *et al*\[[@ref33]\] have found that alcohol could induce apoptosis of nerve cells through the *de novo* synthesis of ceramide, eventually leading to pathological neurodegeneration and compensatory neural proliferation. In the ceramide pathway, ceramide-1-phosphate (produced through the phosphorylation of ceramide by ceramide kinase) and extracellular signal-regulated protein kinase are key elements to induce cell apoptosis and compensatory proliferation\[[@ref25]\]. But it is not yet certain whether alcohol-induced neural proliferation was specifically achieved through the ceramide pathway. In this study we constructed a prenatal alcohol exposure model using SMS2 knockout pups and sought to prove our hypothesis that alcohol-induced ceramide accumulation would upregulate neural proliferation in the hippocampus.

Decreased blood sphingomyelin levels in both wild-type and SMS~2~ knockout pups following prenatal alcohol exposure {#sec2-6}
-------------------------------------------------------------------------------------------------------------------

Since the SMS~2~ gene was deleted, ceramide could not be metabolized into sphingomyelin smoothly and would subsequently accumulate in cells, tissues and blood\[[@ref34]\]. However, the involvement of ceramide in ethanol toxicity is not clear. To study this involvement, blood sphingomyelin level which indirectly reflects the level of ceramide was measured in different alcohol treatment groups of both SMS~2~ knockout and wild-type pups at P0. Our findings showed that blood sphingomyelin level of SMS~2~ knockouts was significantly lower than that of wild-type pups, and alcohol could reduce blood sphingomyelin level in a dose-dependent manner. Generally, the level of sphingomyelin is closely related to ceramide metabolism, because the synthesis of sphingomyelin requires the participation of SMS. In mammals, SMS is present as two isozymes: SMS~1~ (mainly concentrated in golgi bodies) and SMS~2~ (mainly distributed to cell membrane)[@ref35][@ref36]\]. Ceramide is mainly transported extracellularly for SMS~2~-catalyzed synthesis of sphingomyelin. There is evidence that the loss or inactivation of SMS~2~ can block the synthesis of sphingomyelin, causing a decrease sphingomyelin level in blood and the accumulation of intracellular ceramide, which will cause different cellular effects through downstream signaling cascade reactions\[[@ref22][@ref37]\]. The alcohol-induced decrease of sphingomyelin levels suggested that ceramide was involved in the mechanisms of alcohol toxicity.

Neural proliferation caused by alcohol-induced ceramide accumulation {#sec2-7}
--------------------------------------------------------------------

The regulatory mechanisms of neural proliferation during development are not understood well. Signal pathways thought to be involved in neural proliferation include MAPK\[[@ref38]\], Wnt\[[@ref39]\], tumor growth factor-β\[[@ref40]\] and Shh\[[@ref41]\]. Recently, the ceramide-1-phosphate pathway was shown to be involved in the upregulation of neural proliferation\[[@ref42][@ref43]\]. In this study, we wanted to know specifically whether the ceramide/ceramide-1-phosphate pathway participated in the upregulation of alcohol-induced neural proliferation. SMS~2~ knockout mice served as a good model to study the relationships between alcohol-induced neural proliferation and ceramide modulation. During adulthood, only some areas in the central nervous system, such as the subventricular zone, the subgranular layer of the dentate gyrus and the rostral migratory stream in the olfactory bulb retain the capacity of cell proliferation\[[@ref44]\]. In the present study, the dentate gyrus was used as a target to study the alterations in neural proliferation after alcohol exposure. Our studies indicated that alcohol could induce compensatory neural proliferation and the formation of newborn neurons in a long-term, dose dependent manner. We found that neural proliferation of the alcohol-treated groups, for both the wild-type and SMS~2~ knockouts, were higher than the control groups. Neural proliferation and the number of newborn neurons increased in a dose-dependent manner with higher proliferation resulting from higher dosage of prenatal alcohol exposure. Neural proliferation was probably the result of a compensatory mechanism for neuroapoptosis induced by alcohol\[[@ref45]\]. The proliferative stem cells responded to this apoptosis with mitotic divisions and modulations of the cell cycle, thus causing compensatory neural proliferation. The differentiated polymorphic neurons would migrate into the hippocampus or the cortex, to replace some apoptotic cells and maintain functional completeness of the nervous system\[[@ref32][@ref46]\]. To further understand how alcohol-induced ceramide accumulation upregulated neural proliferation and to explore the neurotoxicological functions and mechanisms of alcohol toxicity, neural proliferation in SMS~2~ knockout pups after prenatal alcohol exposure was observed. In our experiments, neural proliferation in the dentate gyrus of SMS~2~ knockout pups was significantly higher than the wild-type pups at the same age, resulting in more newborn neurons. This is probably due to the accumulation of intracellular ceramide following the loss of the SMS~2~ gene leading to subsequent compensatory cell proliferation. As one type of biologically active sphingolipid, ceramide is important for signal transduction functions in most cells. The ceramide/ceramide-1-phosphate pathway mainly enhanced cell mitosis and cell migration\[[@ref47][@ref48]\] through the activation of phosphatidylinositol 3 kinase/protein kinase B and protein kinase C α signaling\[[@ref49]\], which is most likely the case in our experiments.

Activation of protein kinase C α in alcohol-induced neural proliferation {#sec2-8}
------------------------------------------------------------------------

Ceramide is a bioactive sphingolipid that regulates critical biological functions, including apoptosis and cell proliferation\[[@ref50][@ref51]\]. Neural proliferation is mainly achieved through its phosphorylated metabolite, ceramide-1-phosphate. In this process, protein kinase C α plays an important role in the activity of ceramide/ceramide-1-phosphate signaling\[[@ref52]\]. First, the phosphorylation of protein kinase C α needs to be activated by SMS, and then the phosphorylated protein kinase C α can subsequently enhance the activation of phosphatidylinositol 3-kinase/protein kinase B for the downstream modulation of ceramide-1-phosphate activity directly. Eventually, ceramide-1-phosphate would cause the influx of Ca^2+^ into cells to stimulate cell apoptosis and proliferation\[[@ref25][@ref53][@ref54]\]. Therefore, a major factor leading to the stimulation of cell proliferation is the activation of protein kinase C α isoforms, whose activation requires their recruitment to the cell membranes\[[@ref55]\]. Ceramide-1-phosphate was able to induce the phosphorylation of this important site of protein kinase C α. In this way, measuring protein kinase C α expression would be helpful to understand how ceramide regulates alcohol-induced neural proliferation. Immunocytochemistry showed that protein kinase C α was expressed in most nerve cells, especially in proliferative cells, suggesting that protein kinase C α is necessary for neuronal activity and neural proliferation. The semi-quantitative analysis indicated that the expression level of protein kinase C α in the hippocampal neurons of SMS~2~ knockout pups was relatively low. This is because the lack of SMS in SMS~2~ knockout pups could decrease the activity of protein kinase C α, thereby slowing the ceramide/ceramide-1-phosphate cascade process\[[@ref25]\]. By contrast, alcohol could induce the expression of protein kinase C α in a dose-dependent manner. This suggests that alcohol-induced accumulation of ceramide could upregulate neural proliferation, and that protein kinase C α phosphorylation is a key step for the activation of the ceramide pathway.

In summary, serum sphingomyelin level in SMS~2~ knockout pups was significantly lower than that of wild-types. Alcohol exposure could decrease sphingomyelin levels in both wild-type and SMS~2~ knockouts in a dose-dependent manner. Interestingly, SMS~2~ knockouts revealed a greater amount of neural proliferation in the dentate gyrus compared with wild-type pups, and alcohol could further induce neural proliferation in a long-term and dose-dependent manner. Protein kinase C α phosphorylation was probably a key step for the activation of the ceramide pathway. Alcohol-induced expression of protein kinase C α could activate the ceramide-1-phosphate signaling cascade to enhance neural proliferation and the formation of newborn neurons.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-9}
------

A randomized, controlled animal experiment.

Time and setting {#sec2-10}
----------------

The experiment was performed at the Institute of Neurobiology, College of Life Science, Henan University, China, between March 2009 and March 2011.

Materials {#sec2-11}
---------

SMS~2~ heterozygous mice (one male and two female, average weight 21.2 ± 1.7 g, clean level, animal license number: NSJXC-79J14537) were donated by Professor Xiancheng Jiang from the State University of New York Downstate Medical Center, USA. Ten male and twenty female wild-type (C57BL/6J) mice (average weight 20.7 ± 2.1 g, clean level, animal license No. HNKF36790131) were provided by the Experimental Animal Center of Henan University, China. A total of 360 pups from P0--P30 were used. Offspring were produced from the heterozygotes, and their genotypes were identified by PCR assay. Primer information is listed in [Table 1](#T1){ref-type="table"}. SMS~2~ genotype identification was then performed as previously described\[[@ref56]\]. Two possible bands could be identified at 250 and 145 (bp) on the gel image. The wild-type sample had only the 145 (bp) band, while the heterozygous sample had both 250- and 145-bp bands. The knockout sample had only the 250 bp band. All experiments were conducted in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref57]\], to ensure animal welfare during experiments.

###### 

The information about primers

![](NRR-8-2178-g010)

Methods {#sec2-12}
-------

### Establishment of the alcohol exposure model {#sec3-1}

SMS~2~ knockout females were checked each morning for the presence of a vaginal plug; a positive plug was defined as E0. Embryonic (E = day of conception, E0 = vaginal plug found in mated females) or postnatal offspring (P = postnatal days, P0 = the first 24 hours after birth) were produced from timed pregnancies. Postnatal pups were genotyped using PCR, and the wild-type and SMS~2~ knockout pups were assigned to one of two groups. (1) Alcohol treatment groups: females received a daily intragastric gavage of 25% (w/v) alcohol \[Kaifeng Civilized (Group) Co., Ltd., Henan Province, China\] at a dose of either 2.0 g/kg or 4.0 g/kg, which began at E5 and continued to parturition. To allow the stomach to empty and to facilitate the absorption of alcohol, food access was removed 2 hours before alcohol dosing. Animals were weighed and gavaged at the same time each day. (2) Control groups: chow fed females were allowed free access to food and water except in the morning when food was removed for 2 hours prior to weighing. The pair fed females were intubated with the same quantity of isocaloric and isovolumetric maltose-dextrin as the alcohol treatment groups. Because there were no significant differences in neural proliferation between the pair fed and chow fed groups, the data from the two control groups were combined to increase the statistical power of the analysis\[[@ref9]\]. To understand the long-term effect of ethanol toxicity on the development of the central nervous system, pups were harvested at P0, P7, P14 and P30. At least 15 pups were used in each treatment group at P0, P7, P14, and P30, with a total of 230 pups used. Ten pups of each group were used for immunohistochemistry, and five pups were used for western blot analysis.

### Measurements of blood alcohol concentration {#sec3-2}

On E10 and E15, the tail tips of pregnant mice treated with alcohol were nicked with scissors at 60 and 120 minutes after gavage, and 10 μL of blood was collected into heparinized hematocrit tubes. Approximately 5 μL serum was prepared by centrifugation and blood alcohol concentration was determined using an ANALOX model GL5 Analyser (Germany). Four blood alcohol concentration values were obtained from each dam (two readings on E10 and E15, respectively). The highest of the four values was defined as the peak blood alcohol concentration value of the dam and her offspring. The peak blood alcohol concentration value of 4.0 g/kg group was in the range of 30--50 mg/L, while that of 2 g/kg group was in the range of 15--30 mg/L. These groups were accordingly designated as the high and moderate alcohol treatment groups.

### Measurements of serum sphingomyelin levels {#sec3-3}

P0 pups of each group were obtained, and blood was collected through cardiac puncture. The sphingomyelin level was analyzed using enzymatic assays. Briefly, the SMase hydrolyzed sphingomyelin was added into the phosphorylcholine and n-acylsphingosine, then, alkaline phosphatase generated choline from phosphorylcholine. Choline could then be used to generate hydrogen peroxide in a reaction catalyzed by choline oxidase. Finally hydrogen peroxide was used together with DAOS, 4-aminoantipyrine, and peroxidase, as a catalyst, to generate a blue dye with an optimal absorption at 595 nm. The concentration of blue dye, which reflected the concentration of sphingomyelin, was analyzed using a Bio-Rad 680 automatic microplate reader (Bio-Rad, CA, USA) at 595 nm. The sphingomyelin concentration in blood could be calculated based on the standard curve\[[@ref58]\].

### Immunohistochemistry {#sec3-4}

Pups at various ages (P0, P7, P14, P30) were anesthetized with sodium pentobarbital (20 mg/kg) and perfused transcardially with 4% paraformaldehyde. Brains were removed, and immersion-fixation was continued at 4°C for 1--2 days. Coronal brain slices (50 μm) were then sectioned using a vibratome. After washing three times with 0.1 mol/L PBS, slices were treated with different primary antibodies and the corresponding secondary antibodies for immunofluorescent single- or double-labeling. The primary antibodies include rabbit anti-doublecortin (DCX) polyclonal antibody (1:200; \#4604, Cell Signaling, Danver, MA, USA), rabbit anti-Prox 1 polyclonal antibody (1:400; AB5475, Chemicon, Billerica, MA, USA), rabbit anti-protein kinase C α polyclonal antibody (1:50; P4334, Sigma, St. Louis, MO, USA), and mouse monoclonal anti-NeuN antibody (1:500; MAB377B, Millipore, Billerica, MA, USA). After incubating at 4°C overnight, slices were washed three times with 0.1 mol/L PBS and then treated with secondary antibodies. The corresponding secondary antibodies were Alexa Fluor 568 donkey anti-mouse IgG (1:300; A10037, Invitrogen Life Technologies, Carlsbad, CA, USA) and Alexa Fluor 488 donkey anti-rabbit IgG (1:600; Invitrogen, A21206). After incubating with secondary antibody at room temperature for 3 hours, slices were washed three times with 0.1 mol/L PBS and were subsequently mounted with fluorescent mounting medium. With the excitation of rhodamine and FITC (Jianglaibio, Shanghai, China), the slices were observed and photographed under a fluorescent microscope (BX61, Olympus, Tokyo, Japan). Well labeled slices were then observed and imaged under laser scanning confocal microscopy (Olympus).

### BrdU immunofluorescent labeling {#sec3-5}

BrdU (Sigma, B-5002) dissolved at sterile 7 mol/L in NaOH (7.5 mg/500 μL) in physiological saline was injected at a dose of 5 μg/mg into pregnant mice at E18 or into pups at P6, P13 and P29. To intensify labeling, a second identical dose was given 3 hours later. Animals were sacrificed 1 day after injection (at P0, P7, P14 and P30 respectively). The postnatal pups were transcardially perfused and brains were post-fixed in 4% paraformaldehyde in 0.1 mol/L PBS overnight at 4°C. After fixation, coronal brain sections (50 μm) were cut using a vibratome. To visualize nuclear BrdU incorporation, sections were incubated in 2 mol/L HCl at 37°C for 30 minutes to denature the DNA. Sections were then thoroughly rinsed with boric acid (pH 8.0) three times (10 minutes each time) and then with 0.1 mol/L PBS three times (10 minutes each time) to fully remove HCl within the slices. To visualize the neural proliferative cells and granular cells in the dentate gyrus, rabbit anti-Prox 1 polyclonal antibody (1:400; Chemicon, AB5475) and mouse anti-BrdU monoclonal antibody (1:100; ZSGB-BIO, Beijing, China, ZM-0013) were used for immunofluorescent double-labeling. The slices were incubated with all primary antibodies at 4°C overnight. After washing three times with 0.1 mol/L PBS, slices were incubated with secondary antibodies for 3 hours at room temperature. The secondary antibodies were Alexa Fluor 568 donkey anti-mouse IgG (1:300; Invitrogen, A10037) and Alexa Fluor 488 donkey anti-rabbit IgG (1:600; Invitrogen, A21206). After rinsing and mounting, the laser confocal microscope (Olympus, FV10) was used to observe and photograph Prox 1 and BrdU positive cells.

### Western blot analysis of protein kinase C α expression in the hippocampi {#sec3-6}

Because ceramide possibly affects neural proliferation through ceramide-1-phosphate and protein kinase C α, we analyzed the level of protein kinase C α of the ceramide-1-phosphate loop using western blot analysis. P7 pups of each group were collected and sacrificed by cervical dislocation. After opening the skull, brains were quickly dissected away. The hippocampi were separated for homogenization. The cytoplasmic proteins of hippocampus were extracted using a protein extraction kit (Shanghai Beyotime Institute of Biotechnology, Shanghai, China, P0027). The collected cytoplasmic proteins were quantified using the Coomassie brilliant blue G250 method\[[@ref59]\]. After standard curves were created, the sample protein concentration in different treatment groups was measured. Then, the proteins were electrophorized and subsequently electro-transfer red onto membranes. Rabbit anti protein kinase C α polyclonal antibody (1:20 000; Sigma, P4334) was then added to the membrane and incubated at 4°C overnight. Horseradish peroxidase-labeled goat anti-rabbit IgG secondary antibody (1:1 000; Beijing Solarbio Science & Technology) was then added to the membrane for a 2-hour incubation at room temperature. Prior to each incubation, PBS washing was performed three times, for 5 minutes each. After the enhanced chemiluminescence reagent (ZSGB-BIO, Beijing) reaction for 2 minutes, the protein bands were exposed to film for subsequent development and analysis. β-actin, detected with mouse anti monoclonal antibody (1:1 000; Shanghai Beyotime Institute of Biotechnology, Shanghai, China, \#AA128), was used as the internal control. The absorbance ratio of positive bands to internal standard (β-actin) bands represented the relative expression level of the protein of interest.

### Data analysis {#sec3-7}

Therefore, we chose to observe the dentate gyrus as our target area\[[@ref24]\]. The measurement area of the dentate gyrus was targeted to the suprapyramidal blade, the part of the granule cell layer that is close to hippocampal area CA1 and located above the pyramidal cell layer in CA3. The number of proliferated cells (BrdU positive cells) and newborn neurons (doublecortin positive cells) in suprapyramidal blade (cells/mm^2^, 20 × magnification, from the sub-granular layer to the super-granular layer) was measured and analyzed statistically by ImageJ software (NIH, Bethesda, MD, USA).

### Statistical analysis {#sec3-8}

Data were represented as mean ± SD. SPSS 17.0 software (SPSS, Chicago, IL, USA) was used for statistical analysis. One-way analysis of variance followed by Student-Newman-Keuls test and/or least significant difference test was performed. *P* \< 0.05 was accepted for an indication of statistically significant difference.

**Research background:** Extensive clinical data and animal experiments have demonstrated that prenatal alcohol exposure, especially early pregnancy, can cause stillbirth, miscarriage, premature birth, and even lead to fetal alcohol syndrome. The neurotoxicology mechanisms of alcohol are not very clear.

**Research frontiers:** Some scholars believe that alcohol can induce cellular apoptosis by influencing the activity of Na+/K+-ATPase and adenylate cyclase, as well as by modulating the opening of Ca^+^ channels. The pharmacological and toxicological mechanisms of alcohol may, however, depend on ceramide.

**Clinical significance:** Our findings may provide evidence for the pathogenesis of fetal alcohol syndrome and can help further in the understanding of the physiological function and significance of ceramide in nerve cells.

**Academic terminology:** Fetal alcohol syndrome: Mothers consuming large amounts of alcohol during pregnancy cause growth and development disorders in the fetus and postnatally.

**Peer review:** This is the first study in China to use SMS~2~ knockout mice to establish an alcohol exposure model. This model enriches the knowledge surrounding the toxicological mechanisms of alcohol, and further reveals a new strategy for the prevention and treatment of fetal alcohol syndrome.
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